Abstract. Nicotinamide phosphoribosyltransferase (Nampt) is a key enzyme in the nicotinamide adenine dinucleotide (NAD +
Introduction
Diabetes mellitus (DM) is a major leading cause of end-stage renal failure, characterized by kidney inflammation and glomerular dysfunction, worldwide (1) . Novel therapeutic targets for end-stage renal disease in diabetic nephropathy (DN) are urgently required (2) . Recent studies have demonstrated that DN is characterized by an inflammatory response, which is associated with renal glomerular and tubular epithelial, endothelial, and interstitial cell apoptosis (3) (4) (5) (6) , which may be closely associated with inflammatory cell damage (7) .
Nicotinamide phosphoribosyltransferase (Nampt) binds to and activates the insulin receptor and induces an insulin-like effect, both in vitro and in vivo (8) . Notably, Nampt is a key enzyme in the nicotinamide adenine dinucleotide (NAD) + biosynthetic pathway, where it acts as an adipokine and improves glucose tolerance via an insulin mimetic action (6, 8) . Recent results have indicated that nuclear factor (NF)-κB signaling has a major role in innate immunity defense whereas sirtulin (SIRT)1 regulates the oxidative respiration and cellular survival (9) . Additionally, NF-κB p65 signaling may stimulate glycolytic energy flux during acute inflammation, whereas SIRT1 activation inhibits NF-κB p65 signaling and enhances oxidative metabolism and reduces the expression of inflammatory and fibrotic factors, including tumor necrosis Endogenous Nampt upregulation is associated with diabetic nephropathy inflammatory-fibrosis through the NF-κB p65 and Sirt1 pathway; NMN alleviates diabetic nephropathy inflammatory-fibrosis by inhibiting endogenous Nampt factor-α and transforming growth factor-β) (10) . Previous findings have indicated that SIRT1 inhibits NF-κB p65 signaling directly by deacetylating the p65 subunit of NF-κB complex (10) . Furthermore, SIRT1 stimulates oxidative energy production via the activation of AMP-activated protein kinase, peroxisome proliferator-activated receptor-α and peroxisome proliferator-activated receptor gamma coactivator 1α, and simultaneously, these factors inhibit NF-κB p65 signaling and suppress inflammation (11) . However, NF-κB p65 signaling has also been indicated to downregulate SIRT1 activity through the expression of microRNA-34a, interferon-γ and reactive oxygen species (12) . Exogenous extracellular Nampt has been reported to increase the synthesis of pro-fibrotic molecules in renal cell types (13) . Although high glucose (HG) levels have been reported to increase endogenous Nampt expression in rat mesangial cells, murine podocytes, and tubular cells (14) , the role of endogenous Nampt enzymatic activity in diabetic renal cells, particularly those associated with inflammation and fibrosis, is unknown beyond the regulation of glucose uptake.
The present study examined the molecular mechanisms of the antagonistic signaling between NF-κB p65 and SIRT1 and described how this crosstalk may control inflammatory process and how endogenous Nampt upregulation is associated in signaling crosstalk through promoting chronic inflammation in DN diseases.
Materials and methods
Animal models and groupings. Sprague-Dawley (SD) rats (male; aged 6-8 weeks old; weighing 200-250 g) were obtained from the Experimental Animal Center of Guilin Medical University (Guilin, China). Rats were housed in standard polypropylene cages and maintained under conditions of controlled room temperature (23±1˚C) and humidity (50-60%) with a 12-h light/dark cycle. Rats received standard rat chow ad libitum throughout this study. A total of 80 rats were acclimatized for 1 week prior to random allocation into the control group (n=30), which were fed a normal diet (regular chow comprising 5% fat, 63% carbohydrate and 23% protein, with total calorific value of 25 kJ/kg) or the experimental group (n=50) which were fed a high-fat diet (high-fat chow comprising 32% fat, 48% carbohydrate and 20% protein, with total calorific value of 54.3 kJ/kg) and both groups animal received distilled water ad libitum. Once the rats reached a mean body weight of 300±20 g, those in the experimental group were administered with 50 mg/kg streptozocin (STZ; cat. no. S0130; Sigma-Aldrich; Merck KGaA; Darmstadt, Germany) dissolved in 0.01 mmol/l chilled citrate buffer (pH 4.5) (cat. no. ZLI-9065; Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) via intraperitoneal injection over a 30-min period for 2 months. Control group rats were administered with same volume citrate buffer alone. Blood samples were subsequently collected from tail veins and used to determine glucose levels, as detailed below. A rat was considered a diabetic model once the fasting blood glucose concentration reached 16.7 mmol/l (Table I) . A total of 20 rats in the experimental group did not develop diabetes; the 10 diabetic rats remainedwith the same high-sugar and high-fat diet for an additional week and were subsequently sacrificed. The liver, pancreas, kidney, and muscle tissue were carefully dissected from each ratfor immunohistochemical analysis.
For the in vivo nicotinamide mononucleotide (NMN) experiment, the diabetes induced rats (indicated above) were randomly divided into two groups (10 rats in each group): One group was administered 120 mg/kg NMN (cat. no. N3501; Sigma-Aldrich, Merk KGaA; Darmstadt, Germany) in sterile PBS (200 µl) subcutaneously in the loose skin around the neck and shoulder area every other day for 20 days, and another group (control group) was administered with 200 µl sterile PBS via subcutaneous injection continuously every other day for 20 days. Following sacrifice, the animal kidney tissues were harvested to extract total RNA for reverse transcription-quantitative polymerase chain reaction.
A total of 5 insulin gene-mutant male C57/LB6 mice (10-11 weeks old; Michigan Diabetes Research and Training Center of the University of Michigan; Ann Arbor, MI, USA) (15) were spontaneously induced diabetic mice that served as a model for a subset of human insulin gene mutations that have been discovered to cause the autosomal-dominant syndrome, mutant insulin gene-induced diabetes, in younger persons (16) . Wild-type C57/LB6 mice were used as a control group (n=5), which were purchased from the Michigan Diabetes Research and Training Center of the University of Michigan. Both groups of mice were maintained in an air-conditioned colony room (temperature, 21±1˚C; humidity, 50-60%) on a natural light-dark cycle and received a normal diet with standard mice chow and water ad libitum. Housing conditions and experiments were approved by the Ethics Committee of Animal Experimentation of Guilin Medical University (Guilin, China). All mice were anesthetized using diethy ether inhalation and beheaded. Subsequently, kidney tissue was harvested for immunofluorescence and immune-focused detection for pathological tissue analysis. When all blood glucose levels in mice reached >27.6 mmol/l, this indicated the mice suffered from severe diabetes, and subsequently, the mice were sacrificed.
Cell culture experiments. The rat glomerular mesangial HBZY-1cell line was purchased from the Basic Medical Institute of the Chinese Academy of Medical Sciences (Beijing, China). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C. For in vitro assays, cells were cultured under normal glucose conditions (5.6 mmol/l) at 37˚C for 24 h, and subsequently subjected to high glucose (HG; 200 mmol/l) as oxidative stress milieu (5% CO 2 , 37˚C) for 1-6 days, in which the medium was changed every other day. Furthermore, cells were grouped by incubation time (24-96-h groups), and were removed to detect the changes of oxidative stress and apoptosis in HG milieu. To determine the intervention of NMN at different time-points and doses, the cells were divided into four groups after 3 days of incubation at 37˚C in HG milieu, and treated with 0, 0.5, 1 or 2 mmol/l NMN, respectively for a further 24 h. Subsequently, the protein expression levels of Nampt, NF-κB p65, Sirt1, FoxO1 and Bax were measured using western blot analysis.
In the same experimental conditions, the protein expression of Nampt, Sirt1, vimentin and fibronectin of the HBZY-1 cells were also detected by immunofluorescence techniques.
To further evaluate the effect of NMN, the following the experiment was measured and the cells were grouped into 7 groups after 3 days treated in HG milieu: i) normal glucose cultured (control group); ii) normal glucose + 10 µmol/l FK866 (Sigma-Aldrich; Merck KGaA); iii) normal glucose + 1 mmol/l NMN; iv) HG cultured (200 mmol/l HG; HG control group); v) HG +10 µmol/l FK866; vi) HG + 1 mmol/l NMN; and vii) HG + 10 µmol/l FK866 + 1 mmol/l NMN. FK866 and NMN were added into the cells at 24 h prior to cell harvesting. The protein expression of Nampt, vimentin and fibronectin were detected by western blot analysis. Once the cells were cultured with HG for 4 days, 10 µmol/l FK866 and 1 mmol/l NMN were added (in accordance with the previous NMN dose-effect) and the protein expression levels of Nampt, Sirt1 and NF-κB p65 were also analyzed using western blot analysis.
Blood glucose and insulin detection. Collected from rat tails in regular intervalsonce every 3 days for one week, blood glucose levels were measured using commercially available colorimetric diagnostic kits (GT-1640; Omron Corp., Kyoto, Japan) according to the manufacturer's instructions. The blood samples intended for serum insulin testing were collected as described in in the instructions of Iodine Immunohistochemistry and immunofluorescence assay. The HBZY-1 A cells cultured on the slide were fixed with 4% paraformaldehyde at room temperature for 20 min, permeabilized with 0.5% Triton X-100 for 15 min, and blocked with 2% bovine serum albumin (Gibco; Thermo Fisher Scientific, Inc.) for 1 h at room temperature. Nampt, vimentin, fibronectin, nuclear factor (NF)-κB p65 and sirtuin 1 (Sirt1) proteins were detected via incubation for 1 h at room temperature with antibodies of Nampt (1:100 dilution; sc-166866), vimentin (1:100 dilution; sc-32322), fibronectin (1:100 dilution; sc-52331; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), NF-κB p65 (1:500 dilution; ab16502) and Sirt1 (1:1,000 dilution; ab7343) (Abcam, Cambridge, UK) were usedat 4˚C overnight. Subsequently, blots were incubated at room temperature for 1 h and in the dark with Alexa Fluor 488-conjugated (1:500 dilution; A32723) or Alexa Fluor 594-conjugated (1:1,000 dilution; A-11007) second antibody (Molecular Probes; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and diluted in 2% normal goat serum, 1% bovine serum albumin and 0.1% Triton X-100 in PBS. The cells nuclei stained with 5-µmol/l DAPI nuclear stain (Thermo Fisher Scientific, Inc.) for 1 h at room temperature. Stained slides were mounted and imaged using a Fluoview 500 confocal microscope (Olympus Corporation, Tokyo, Japan).
Immunohistochemical analysis was performed on rat tissues that were fixed in 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA) at room temperature for 5 min, dehydrated in ascending grades of alcohols, cleared in xylene, embedded in paraffin and cut into 4 µm-thick on the slide. Sections were dewaxed with dimethylbenzene, rehydrated with gradient alcohol and permeablized with 1X citric acid solutionfor 2-3 min. Sections were incubated overnight with a primary antibody against Nampt (1:300 dilution; sc-373717; Santa Cruz Biotechnology, Inc.) in a humidified chamber at 4˚C. A horseradish peroxidase-labeled sheep anti-rabbit secondary at room temperature for 1 h (31460; 1:200 dilution; Thermo Fisher Scientific, Inc.) was subsequently added to the sections at room temperature for 20 min. For coloration, slides were incubated with a solution of 0.05% 3,3'-diaminobenzidine at 37˚C for 10 minand 0.01% H 2 O 2 , using a DAB chromogenic reagent kit (3PW017; Sangon Biotech Co., Ltd., Shanghai, China). Subsequently, brown staining, which indicated immune response strength of Nampt in the tissue sections, was analyzed using an Image-Pro Plus Version 6.0 color image analysis system (Media Cybernetics, Inc., Rockville, MD, USA). The degree of positive staining was determined from the mean value of 10 different fields per slide and proportions of positive cells were scored as follows: 0, no positive cells; 1, <10%; 2, 11-50%; 3, 51-75%; and 4, >75%. The degree of positivity was scored as follows: 0, no staining (i.e., consistent with the background color); 1, light yellow (slightly higher than the background); 2, tan (significantly higher than the background); and 3, brown. The values were multiplied to yield total scores, which were classified as follows: 0-2, negative (-); 3-4, weakly positive (+); 5-8, moderately positive (++); and 9-12 strongly positive (+++) as described previously (17) .
For immunofluorescence, mice kidney tissues were cut into 3-µm thick paraffin-embedded sections on glass slides were prepared, dewaxed, and rehydrated. The sections were permeabilized in 0.1% Triton X-100 at room temperature for 20 min. Subsequently, the slides were blocked in 5% donkey serum 37˚C for 10 min (3AS10 1563; Agrisera, Los Angeles, USA) in PBS and then incubated at 4˚C overnight with anti-mouse primary antibodies Nampt (1:50; BS6044), vimentin (1:100; BS1491) and fibronectin (1:100; BS4646; all Bioworld Technology, Inc., St. Louis Park, MN, USA). Samples were then incubated with Alexa Fluor 594-conjugated (1:1,000; R37121) and Alexa Fluor488-conjugated (1:250; A-21121; both Thermo Fisher Scientific, Inc.) secondary antibodies at room temperature for 1 h and maintained in a dark place. Cell nuclei were stained with 5-µmol/l 4' ,6-diamidino-2-phenylindole (D1306; Thermo Fisher Scientific, Inc.) at room temperature for 5 min. Stained slides were mounted and imaged (magnification, x64) using a Fluoview 500 confocal microscope (Olympus Corporation). Immunofluorescence signals were quantified using Image J version 2 software (National Institutes of Health, Bethesda, MD, USA), as described by Yu et al (17) , and the integrated densities of immune fluorescence positive signals were measured.
NAD/NADH assay. For NAD/NADH assays of rat tissues, 30 mg frozen muscle, pancreas, liver, kidney or an erythrocyte cell pellet (30 µl packed erythrocytes/ml Earle's balanced salt solution (Thermo Fisher Scientific, Inc.) subjected to 4-h incubation at 37˚C in 10 µmol/l N1-methylnicotinamide (AG-D-34551; Angene International Ltd., Nanjing, China) and subsequent centrifugation at 1,500 x g and 4˚C for 10 min) were each homogenized in 400 µl NAD/NADH Extraction Buffer (BioVision, Inc., Milpitas, CA, USA), followed lysates incubated at room temperature for 5 min and subjected to ultrafiltration through 10-kD cut-off filters (BioVision, Inc.). The lysates were further subjected to analysis using NAD/NADH quantification kits (K337-100; BioVision, Inc.) according to the manufacturer's instructions.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from the kidney tissues using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The sequences of the primers used were as follows: Nampt Statistical analysis. Statistical analyses were performed using SPSS 16.0 package (SPSS, Inc., Chicago, IL, USA). A one-way analysis of variance was used for the analyses, and data are presented as the mean ± standard error of the mean. P<0.05 was considered to indicate a statistically significant difference. Data are presented as means ± standard deviations of three experiments. Three nephritic sections were taken from each of 3 mice per group. In each nephritic section, ≥10 areas containing ~100 cells were analyzed. Figure 1 . Endogenous Nampt upregulation in streptozocin-induced diabetic Sprague-Dawley rats. Endogenous Nampt expression and localization in the (A) liver, (B) islets, (C) muscles and (D) kidney tissues of normal and diabetic rat tissues were assessed using immunohistochemistry. Nampt expression levelsin cells is indicated by palm red. Nampt, nicotinamide phosphoribosyltransferase. Magnification, x40, Scale bar=100 µm. rats were all higher than those of the control group; respective increases of 3.22-, 2.54-, 2.73-, and 2.36-fold were observed ( Fig. 2A and B) . Furthermore, PARP-1 expression levels in the liver, pancreas, muscles, and kidney of diabetic rats were higher than those of the control group; respective increases of 2.47-, 2.57-, 1.60-and 3.63-fold were observed ( Fig. 2C and D) . Significant increases of endogenous Nampt and PARP-1 expression were observed in tissues from diabetic rats, compared with controls (P<0.01; Fig. 2B and D) .
Results

Upregulation of endogenous
Dysregulated NAD and NADH levels in STZ-induced diabetic rats. Diabetes is known to be associated with oxidative stress (18) . It was therefore examined whether oxidative stress was an etiological factor in diabetic rats. Initially, changes of NAD, NADH and the NAD/NADH ratio in rat tissues were evaluated. Notably, a significant increase in NADH levels were observed in the erythrocytes, muscle, pancreas, liver and kidney of diabetic rats, whereas NAD levels were significantly decreased compared with the control group (P<0.01; Fig. 3 ). All values of NAD/NADH ratio were significantly reduced in the tissue from diabetic rats compared with controls (P<0.01; Fig. 3A-E) . The results indicate that STZ-induced diabetes in SD rats may induce an imbalance in the NAD/NADH ratio under oxidative stress.
Increased Nampt and NF-κB p65 expression and decreased Sirt1 expression in response to HG conditions over time.
The expression levels of endogenous Nampt, NF-κB p65, and Sirt1 were measured in HBZY-1 cells treated continuously in an HG milieu for 24, 48, 72, 96, 120, and 144 h (Fig. 4) . The western blot results indicated endogenous Nampt and NF-κB p65 expression levels were increased in a time-dependent manner (Fig. 4A) , and 72-144-h incubation resulted in a significant increase in expression compared with 24-h incubation (P<0.05 and P<0.01; Fig. 4B and D) . Furthermore, Sirt1 expression was significantly decreased when the cells were cultured in HG milieu for 72-120 h compared with 24-h incubation (P<0.05 and P<0.01; Fig. 4C ). These results suggest that Nampt upregulation may affect the expression of NF-κB p65 and Sirt1 following exposure of cells to HG milieu.
To further investigate this, HBZY-1 cells were exposed to HG for a further 120 h prior to immunofluorescence analysis. Nampt upregulation was indicated under fluorescence microscopy as increased green flurorescence was observed in the HG milieu group compared with the control. Further staining revealed a notable increase in NF-κB p65 expression in HG cells and translocation from the cytosolinto the nuclei, compared with controls (Fig. 5A) . Quantification of the images revealed that the increase in NF-κB p65 was statistically significant (P<0.01; Fig. 5B ). Similarly, Nampt expression was significantly increased (P<0.01; Fig. 5B ). Conversely, in HG cells, Sirt1 expression was decreased compared with the 24-h control group; however, Nampt expression was increased (Fig. 5C) . Quantification of these results indicated these differences were statistically significant (P<0.01; Fig. 5D ).
Induction of cell apoptosis by HG-mediated oxidative stress.
To further confirm the upregulation of endogenous Nampt following exposure to oxidative stress milieu, cells were incubated in HG DMEM medium for 24-96 h. Subsequently, relative protein expression levels of Nampt, NF-κB p65, Sirt1, FoxO1 and Bax at different time points were measured by western blotting (Fig. 6) . A representative image of the western blot results is indicated in Fig. 6A . Endogenous Nampt expression significantly increased by 96 h to 3.47 times that at 24 h (Fig. 6B) . Furthermore, NF-κB p65, FoxO1 and Bax expression subsequently increased to varying degrees following Nampt upregulation. Protein expression levels of Nampt, FoxO1 and Bax peaked at 96 h, whereasNF-κB p65 peaked at 72 h (Fig. 6C, D and F) . As indicated in Fig. 6E , Sirt1 expression was significantly decreased following 96 h exposure to a HG milieu (P<0.01).
Upregulation of Nampt is closely associated with renal fibrosis in diabetic mice. It was investigated whether Nampt upregulation was able to induce the expression of renal cell fibrotic factors, such as vimentin and fibronectin, in an insulin gene-mutant diabetic C57/LB6 mouse model. With double immunofluorescence staining, glomerularmorphology and distribution, and localization of target proteins in kidney sections were detected viaconfocal microscopy (Fig. 7) . The To assess cell morphology using fluorescence microscopy, HBZY-1 cells were exposed tohigh glucose for 120 h and subsequently fixed and stained with Alexa Fluor 488-and Alexa Fluor 594-conjugated rabbit antibodies against Nampt, NF-κB p65, and Sirt1, and DAPI (blue) for nuclear visualization. Similar results were obtained in 3 independent experiments. (A and C) In the images, Nampt staining is indicated in green, and NF-κB p65 or Sirt1 staining is indicated in red. Merged images reveal that the majority of Nampt staining co-localizes with both NF-κB p65 and Sirt1. (B and D) Positive signals were normalized to the cell area (integrated density/mm 2 ) and quantitatively analyzed using Image J software. In each nephritic section, ≥10 areas containing ~100 cells were analyzed. Data are expressed as means ± standard deviations of four independent experiments (~50 cells per experiment). Magnification, x40, Scale bar=25 µm. ## P<0.01 vs. control. Nampt, nicotinamide phosphoribosyltransferase; NF, nuclear factor; Sirt1, sirtuin 1.
findings revealedsevere glomerular atrophy and size reductions in sections of diabetic mice kidney. Following Nampt upregulation in renal tubular and glomerular tissue, increased vimentin expression was observed specifically in glomerular cells but not in renal tubular cells (Fig. 7A and B) . Notably, Nampt and vimentin expression levels were significantly higher in diabetic sections compared with control sections (P<0.01; Fig. 7E ).
Fibronectin expression was increased in diabetic glomerular cells compared with controls (P<0.01; Fig. 7C, D and F) . Similar results were also observed in HBZY-1 cells when subjected to HG-mediated oxidative stress (P<0.01; Fig. 8 ). These results suggested that there may be an association between Nampt and fibrotic factors, such as vimentin and fibronectin.
NMN regulates kidney cell fibrosis by Nampt-NF-κB p65 and Sirt1 signaling pathway in vivo and in vitro.
The mRNA expression of Nampt, NF-κB p65 and vimentin were significantly decreased in the NMN treated group compared with the untreated group (P<0.01), whereas expression of Sirt1 was significantly increased in the same group (P<0.01). These . Nuclei were stained with DAPI (blue). Magnification, x64, Scale bar=100 µm. (E) Endogenous Nampt and vimentin expression levels were significantly higher in nephritic tissue cells from diabetic micethan in cells from control mice. (F) Similarly, fibronectin levels were significantly higher in tissues from diabetic mice than from control mice. Images were analyzed using Image J software. Data are presented as means ± standard deviations for 3 mice per group and 3 nephritic sections per mouse. In each nephritic section, ≥10 areas containing ~100 cells were analyzed. ## P<0.01 vs. controls. Magnification, x64, Scale bar=100 µm. Nampt, nicotinamide phosphoribosyltransferase.
results suggest that the Nampt-NF-κB p65 signal pathway was specifically inhibited by NMN via a negative feedback loop (Fig. 9) . To determine whether the Nampt-NF-κB p65 and Sirt1 signaling pathway has a role in vimentin expression, the expression levels of Sirt1 were measured in time-and dose-mediated manners in HG-cultured HBZY-1 cells by intervention of exogenous NMN (Fig. 10) . The results indicated that NMN was able to activate Sirt1 by inhibiting the Nampt pathway. Following NMN treatment, the expression of Sirt1 was significantly increased compared with the NMN-untreated group. (P<0.01; Fig. 10A ), which may induce the downregulation of vimentin expression via interacting withNF-κB p65. Furthermore, results indicated that Sirt1 expression was significantly increased in all NMN-treated groups compared with NMN-untreated group (P<0.01; Fig. 10B ). The result suggested that exogenous NMN may protect cells from fibrosis by inhibiting Nampt upregulation and promoting Sirt1 expression, but restraining NF-κB p65.
Vimentin and Fibronectin expression levels were downregulated in response to FK866 and NMN treatment. Western blot analysis was used to investigate the mechanisms underlying Vimentin and Fibronectin over expression, following the hypothesis that endogenous Nampt may affect NF-κBp65 pathway activation (Fig. 11) . A representative western blot is presented in Fig. 11A . Notably, Vimentin and Fibronectin were significantly decreased in NMN-treated cells compared with HG control groups (P<0.01; Fig. 11A-D) following the upregulation of endogenous Nampt (Fig. 11B) . In HBZY-1 cells pretreated with 10 µmol/l FK866 under HG conditions (Fig. 11E) , Nampt upregulation was significantly blocked by NMN and FK866 treatment in group 3, 4 and 5 compared with group 2 (P<0.01; Fig. 11E and G) , respectively. The expression ## P<0.01 vs. control. Nampt, nicotinamide phosphoribosyltransferase. Figure 9 . Effect of NMN on RNA expression of Nampt, NF-κB p65 and vimentin in diabetic kidney tissues. The Nampt-NF-κB p65 and Sirt1 signaling pathway were regulated with NMN, which participated in intervened vimentin expression in vivo. Diabetic rats were treated with NMN for 20 days. The mRNA expression analysis of Nampt, NF-κB, Sirt1 and vimentin in diabetic rats is presented. β-actin was used as a loading control. Relative density value of PCR products=target gene grey value/β-actin grey value. Experiments were performed in triplicate, and means ± standard deviations of 3 experiments are presented. ## P<0.01 vs. DN. Lane 1, DN rat; lane 2, DN rat+NMN. NMN, nicotinamide mononucleotide; Nampt, nicotinamide phosphoribosyltransferase; NF, nuclear factor; Sirt1, sirtuin 1; DN, diabetic nephropathy.
of NF-κB p65 was significantly decreased in groups 3, 4 and 5, in which expression was inhibited by both FK866 and NMN compared with group 2 (P<0.05 and P<0.01, respectively; Fig. 11E and H) . The expression of SIRT1 was notably increased in groups 3, 4 and 5 compared with group 2 (P<0.05 and P<0.01, respectively), but it's expression was not notably changed with FK866 compared with the 5D + control group (Fig. 11E and F) . These data suggest that NMN may protect HBZY-1 cells from inflammatory fibrosis in response to an HG milieu by inhibiting overexpression of endogenous Nampt and NF-κB p65, but inducing Sirt1 activation.
Discussion
Nampt has been described as a regulating factor in the cellular biosynthesis of NAD, which involves the cellular energy metabolism and oxidation-reduction systems (19) . However, as an extracellular pro-inflammatory cytokine, Nampt/PBEF directly induces Toll-like receptor 4 (TLR4)-mediated NF-κBp65 activation, independently of lymphocyte antigen 96-TLR4 binding and in the absence of additional chaperones or cofactors such as lipopolysaccharide (20) . The present study demonstrated that both endogenous Nampt and PARP-1 expression increased significantly in diabetic rat tissues. Notably, Yu et al (17) reported that cell damage may induce PARP-1 activation, which initiates PAR polymer formation and apoptosis-inducing factors that result in programmed necrotic cell death. This process may be a result of ATP and NAD reduction, as well as increased levels of AMP and NADH in the impaired cells.
The lack of an increase in NAD in response to the increased expression of endogenous Nampt may be attributed to the fact that an oxidative stress reaction induced by an HG milieugenerates NADH, and thus reverses the NAD/NADH ratio. (21) demonstrated the essential role of endogenous Nampt in the NAD biosynthetic pathway and implicated NAD in the regulation of glucose-stimulated insulin secretion (GSIS) in pancreatic β-cells. Accordingly, a low pancreatic level of NAD may lead to an insulin secretion defect. Benito-Martin et al (13) also reported that endogenous Nampt enzymatic activity has a key role in protecting renal cells from the adverse consequences of an inflammatory environment, such as cell death or a prolonged inflammatory response. The present study examined whether the upregulation of endogenous Nampt was able to induce glomerular cell inflammation and fibrosis in an insulin gene-mutant diabetic C57/LB6 mouse model and observed the overexpression of pro-fibrotic factors in glomerular cells. The findings suggested that severe glomerular atrophy and size reductions were observed concomitantly with endogenous Nampt upregulation when the mice suffered from DN, while fibrosis factors, including vimentin and fibronectin were over expressed following Nampt upregulation in glomerular cells of themouse kidney.
Revollo et al
Similar results were observed in HBZY-1 cells subjected to in HG-mediated oxidative stress. The present study indicated that Nampt is an inflammatory factor and its excessive endogenous upregulation induced excessive expression of vimentin and fibronectin in glomerular cells, while Sirt1 expression reduced and NF-κB p65 increased expression under oxidative stress with HG milieu. The results suggest that there is an association between endogenous Nampt upregulation and the fibrosis factors. The present data demonstrated these findings in vivo and in vitro using cells cultured in HG milieu and the diabetic C57/LB6 mice. The undesirable consequence may be caused by the imbalance NAD + /NADH redox in oxidative stress and the cells inflammatory response of NF-κB p65 over expression and activation, which promotes inflammation and fibrosis in normal cells or tissues. Previous studies have suggested that Sirt1 inhibition disrupted oxidative energy metabolism and stimulated NF-κB p65 to induce the inflammatory response characteristic of various chronic metabolic and age-associated diseases (12, 22, 23) . Notably, the NF-κB p65 signaling pathway is able to stimulate glycolytic energy flux in the context of chronic metabolic diseases, including diabetes, where as Sirt1 activation inhibits NF-κB p65 signaling to enhance oxidative metabolism and resolve inflammation (24) . Conversely, NF-κB 65 signaling has been indicated to also downregulate Sirt1 activity by promoting the expression of microRNA-34a, interferon γ and reactive oxygen species (12). # P<0.05 and ## P<0.01 vs. 2. Data are presented as the mean ± standard deviations of three experiments. Each western blot experiment was performed in triplicate. NS, not significant; Nampt, nicotinamide phosphoribosyltransferase; NMN, nicotinamide mononucleotide; HG, high glucose; NF, nuclear factor; Sirt1, sirtuin 1.
In the present study, increased expression of NF-κB p65, FoxO1 and Bax, and decreased expression of Sirt1 were observed in response to endogenous Nampt upregulation after cells were subjected to oxidative stress in HG milieu. Endogenous Nampt expression was increased significantly in a time-dependent manner and NF-κB p65 expression peaked at 72 h, but subsequently decreased at 96 h. Previous findings have indicated that Sirt1 has a pivotal role in cellular energy metabolism and exhibits renal protective functions through the deacetylation to regulate various factors, including the transcription factors p53, NF-κB p65 subunit, signal transducer and activator of transcription, FoxO1, and FoxO3, which are associated with apoptosis, cellular aging, and inflammation (25) . In addition, Sirt1 also exhibits histone deacetylation activity and exerts its renal protective effects through the epigenetic regulation of gene expression (26) .
Based on the renal immunohistochemistry analysis results of diabetic rats we speculate that the glomerular inflammation and fibrosis are likely induced by endogenous Nampt overexpression. To explore this hypothesis, the cells were exposed to oxidative stress in high concentrations and were treated with FK866, a specific inhibitor of Nampt (27) , and NMN, which is the product of the enzyme (28) . These results also indicated that NMN activated Sirt1 by increased NAD, due to inhibiting the Nampt upregulation feedback loop. This likely led to the downregulation of vimentin and fibronectin expression by interacting withNF-κB p65. Previous research has demonstrated that vimentin is associated with renal fibrosis (13) . Coincidentally, the 5' sequence terminal of the vimentin gene includes NF-κB p65 binding sites, in which active NF-κB p65 just increases vimentin expression (29) . Fibronectin is key protein associated with the extracellular matrix (ECM), which has a vital role in the pathogenesis of inflammatory fibrosis of DN (30) . Multiple growth factor (GF) binding sites may be selected to enhance fibronectin activity to expand the collaborative ECM-GF paradigm (31) . Furthermore, fibronectin involvement has been demonstrated in the reactive oxygen species/c-Jun N-terminal kinase signaling pathway, which is associated with the NF-κB p65 signaling pathways (32) . Abnormal upregulation of endogenous Nampt may lead to an imbalance between Sirt1 and NF-κB p65, and further aggravate cells that have been seriously damaged by oxidative stress, eventually leading to cellular dysfunction and apoptosis (33) . These findings suggest that suitable horizontal gene expression of endogenous Nampt may be of the utmost importance for the physical state of the cell, whereas excess expression may promote pathological changes.
Further analysis in the present study revealed a decrease in vimentin expression in response to NMN, which may be attributed to theregulation of endogenous Nampt expression by NMN through a negative feedback pathway, as NMN is a down stream product of Nampt enzymatic activity (33) . Consistent with previous findings, reduced NF-κB p65 expression was observed subsequent to a decrease in endogenous Nampt expression following FK866 treatment; however, Sirt1 expression was significantly increased under such conditions, which was likely due to FK866 promoting cell apoptosis directly (21) . Therefore, it was speculated that in mesangial cells, synthetic endogenous Nampt may serve a pivotal role in the regulation of protein expression. However, the specific underlying mechanism remains to be elucidated. For example, the protein structure of Nampt and its regulatory mechanism are not yet understood. Furthermore, a defined amount of either endogenous or exogenous Nampt expression may affect enzyme activity in the body, but either endogenous or exogenous Nampt may lead cell to apoptosis or induce an inflammatory reaction (33, 34) . The present results demonstrate that Nampt upregulation may lead an imbalance of Sirt1 and NF-κB p65 that may induce serious pathological processes, such as glomerular inflammatory fibrosis during DN.
To explore the effect of these results in the whole animal, severely diabetic rats were treated with NMN in the present study, and mRNA was isolated and measured from kidney tissues of the rats. The results indicated that the mRNA expression levels of Nampt, NF-κB p65 and vimentin were significantly decreased in the NMN-treated tissue, whereas Sirt1 expression was significantly increased compared with the untreated groups, respectively. The results further indicated that the Nampt-NF-κB p65 signaling pathway is likely inhibited via NMN-induced inhibition of Nampt in a negative feedback loop. This suggests that endogenous Nampt overexpression may be closely involved in the pathogenesis of glomeruli fibrosis of DN.
Together, the results of the present study provide the first evidence, to the best of our knowledge, that excess endogenous Nampt upregulation may have an important role in the pathogenesis of diabetes mellitus via the NF-κB p65 and Sirt1 signaling pathway. It was observed that NMN may inhibit Nampt upregulation via negative feedback regulation to indirectly inhibit NF-κB p65-dependent inflammatory responses in HBZY-1 cells. The effect was also reflected in enhanced Sirt1 expression, which is expected to reduce inflammatory cytokine expression. In conclusion, the present study demonstrated that NMN, a dominating product of Nampt, may act as a compensatory, protective mechanism against apoptosis and attenuate renal inflammatory fibrosis in the context of DN.
